Background-Visceral hyperalgesia is a hallmark of functional gastrointestinal disorders. Antidepressants improve symptoms in these patients, although their mode of action is unclear. Antidepressant, anticholinergic, and analgesic mechanisms have been proposed. Aims-To investigate whether imipramine, which has a visceral analgesic eVect, increases pain thresholds to experimental visceral pain. Methods-Visceral perception for first sensation and pain was measured with intraoesophageal balloon distension in 15 male volunteers. The eVect of imipramine was studied in a double blind, placebo controlled, crossover study. Imipramine was given in ascending doses for 12 days (25 mg days 1-3, 50 mg days 4-6, 75 mg days 7-12), with oesophageal perception studied on day 13. Results-Inflation volumes and intraballoon pressures at first sensation were not diVerent between placebo and imipramine. Balloon inflation volume at pain threshold was higher on imipramine (p=0.015). Median intraballoon pressures were not diVerent at pain threshold for placebo and imipramine. Oesophageal wall compliance was not aVected by imipramine. Conclusion-Increased pain thresholds on imipramine in this group of normal male volunteers in the absence of changes in oesophageal tone imply the presence of a visceral analgesic eVect. (Gut 1998;42:807-813) 
Visceral hyperalgesia is currently believed to play a crucial role in the pathogenesis of functional bowel syndromes.
1 This concept stems from the observation that patients with unexplained chest pain (UCP), functional dyspepsia, or irritable bowel syndrome (IBS) have reduced tolerance to balloon distension of the respective parts of the gut.
2- 5 The possible presence of generalised visceral hyperalgesia is suggested by several observations: the lower threshold to balloon perception is not restricted to the index organ, but occurs throughout the whole gastrointestinal tract; it is not accompanied by alterations in motility; and it is not associated with increased sensitivity to the perception of somatic stimuli. 3 6-11 Antidepressants such as the tricyclic compounds imipramine, desipramine, clomipramine, and amitriptyline and the atypical antidepressant trazodone alleviate chronic pain of somatic and visceral origin. The mechanism of this eVect is unknown. Proposed possibilities include a function relating to their antidepressive or anticholinergic properties and a direct analgesic eVect. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Imipramine decreases pain thresholds to experimental somatic pain in healthy volunteers, suggesting the presence of an analgesic eVect. 25 It also improves symptoms in patients with UCP. 19 This study was designed to determine whether the improvement of visceral symptoms is mediated through a visceral analgesic eVect. We hypothesised that imipramine would increase pain thresholds to intraoesophageal balloon distension (IOBD) in normal volunteers.
Methods

SUBJECTS
Fifteen healthy male volunteers, median age 36 years (range , without history of dysphagia or heartburn, were studied.
EXPERIMENTAL PROTOCOL
The eVect of imipramine on oesophageal sensory perception was assessed in a randomised, double blind, placebo controlled, crossover trial. Subjects were randomised by blindly taking a number from a closed container and given identical capsules in a pill box with written instructions to take them for 12 days at bedtime. Eight subjects received imipramine first and seven received placebo first. On the morning of day 13, while fasting, sensation and pain thresholds were assessed with IOBD. The capsules contained either placebo or 25 mg imipramine (Biocraft Laboratories, Elmwood Park, New Jersey). According to the instructions the dosing was one capsule at bedtime for three days, followed by two capsules for three days, followed by three capsules for six days. After testing on day 13, subjects were crossed over to the other treatment and the same regimen was repeated, terminating with the second IOBD 13 days later. One subject failed to increase to 75 mg of imipramine due to urinary hesitancy and remained on the 50 mg dose for a total of nine days. The investigator performing the balloon testing was not aware of this. balloon located 10 cm from the distal end (Wilson-Cook Medical Inc., Winston-Salem, North Carolina, USA). It was inserted transnasally without application of local anaesthetic and the balloon was placed with the centre at 10 cm above the lower oesophageal sphincter (LOS). The position of the LOS had been measured manometrically on a prior screening visit. Using a special air delivery system (Wilson-Cook) the balloon was inflated at a rate of 170 ml per second, remained inflated for two seconds (dwell time), and was then deflated quickly. As in our previous studies, inflations were started at a volume of 2 ml and increased in steps of 2 ml up to one step above the occurrence of chest pain or until the maximum inflation of 30 ml. We believe that continuing to one step beyond occurrence of chest pain enhances the quality of our assessment-that is, it provides proof that the pain threshold reached was really the pain threshold. This proved to be the case since all subjects had pain at the inflation one step above pain threshold. Balloon distensions were done in end inspiration. Subjects were instructed to respond to each inflation by indicating whether they felt "no sensation", "sensation in the chest", or "chest pain". Sham inflations were performed with the pump running and the balloon disconnected from the pump. One was done two to four inflations after reaching the threshold for sensation, and a second was done after reaching the pain threshold. After a rest of 10 minutes this series of inflations was repeated. The pressure in the tubing system was constantly displayed to exclude leakage (Universal Pressure Meter, Biotech Instruments Inc., Vermont, USA) and plateau pressures were recorded for each inflation. Pressure volume characteristics of the balloon were assessed before each study on the bench (in vitro) and balloons with increased compliance were discarded. Six balloons were used for the study which took eight months to complete. A total of 30 IOBDs (each of the 15 subjects was tested twice), were performed during this time. Figure 1 shows the mean pressure volume curve of the 30 in vitro assessments of the six balloons used for IOBD. The small standard errors indicate that the balloons used in this study had comparable and stable compliance. Figure 2 shows the behaviour of balloon pressure and diameter in relation to inflation volume in vitro.
Only after completion of the entire study, at the end of the second IOBD, were the subjects asked whether they noticed any symptoms on either of the two treatments. The study was intentionally not designed to assess side eVects on imipramine because a high incidence was expected and every attempt was made to avoid bias of the subjects and investigators. Possible side eVects were mentioned only during the consent procedure. Active and passive recollection of symptoms was then recorded after completion of the study only, recognising the potential that symptoms occurring on the first treatment might be under-reported.
REPRODUCIBILITY OF PERCEPTION THRESHOLDS
The reproducibility of the measurements of perception thresholds with IOBD was assessed by comparing the volumes at perception threshold of the first with the second inflation series (10 minutes later). Comparison was done by calculating the correlation and regression characteristics between the first and the second assessment of both test days of all subjects. The total number of observations was 28 for pain thresholds because one subject experienced no pain at maximum balloon inflation of 30 ml. The total number was 29 for sensation thresholds because on one occasion one subject went directly from "no sensation in the chest" to "chest pain". Absolute reproducibility would yield a regression coefficient and slope of the regression line of 1.0, and the y intercept would be zero. Actual values for sensation thresholds were: correlation coefficient 0.78 (p<0.001), slope 0.86, and y intercept 1.7, indicating good reproducibility ( fig  3A) . Excellent reproducibility was found for pain thresholds: correlation coeYcient 0.85 (p<0.001), slope 0.96, and y intercept −0.1 ( fig  3B) . This eVect has previously been identified, both in our laboratory 26 27 and elsewhere. 28 29 DATA ANALYSIS AND STATISTICS Individual averages of volumes and intraballoon pressures at sensation and pain threshold for the two inflation series were used for analysis. Group medians for perception thresholds on placebo and imipramine were compared with Wilcoxon's signed ranks test. Correlations between balloon volumes and balloon pressures were calculated with Spearman's rank correlation. Categorical data were compared with Fisher's exact test. Probability values for comparison of perception thresholds are one tailed, all others are two tailed. Statistical software used was True Epista, fourth edition (Epistat Services, Richardson, Texas, USA). Oesophageal wall compliance was assessed by plotting the diVerences of the in vivo minus the in vitro intraballoon pressures (group means (SEM)) against the corresponding inflation volumes. The protocol was approved by the Institutional Review Board of the Graduate Hospital.
Results
EFFECT OF IMIPRAMINE ON PERCEPTION THRESHOLDS
Sensation
The median inflation volume at threshold for sensation did not diVer between the two treatments: it was 10 ml (interquartile range (IQR) 7-15 ml) for placebo and 9 ml (IQR 6.5-17.5 ml) for imipramine (NS). Seven subjects had a higher threshold with imipramine, seven with placebo, and one had the same threshold on both treatments ( fig 4A) . There was also no change in median intraballoon pressure at 5) .
SHAM INFLATIONS
A total of 57 sham inflations were done. Thirty were applied after reaching the threshold for sensation and 27 after reaching the pain threshold. Five sham inflations (9%) were associated with a perception in the chest. Three of these were performed after reaching the threshold for sensation and two after reaching the pain threshold. All five were rated as "sensation"; none was rated as "pain". All real inflations above the pain threshold were rated as painful.
CORRELATION OF VOLUMES AT PAIN THRESHOLD ON IMIPRAMINE VERSUS PLACEBO
Pain thresholds on imipramine for the individual subjects showed a good correlation with those on placebo (r=0.71, p<0.005). The regression line follows the equation y = 5.6 + 0.86x ( fig 6) . The highly significant correlation and the slope close to 1 (0.86) would seem to indicate that the magnitude of change in the pain threshold of each individual is a reflection of their baseline-that is, the placebo threshold. The y intercept of 5.6 roughly defines the expected median increase in pain threshold.
OESOPHAGEAL WALL COMPLIANCE
The compliance curves for placebo and imipramine were not diVerent, suggesting no eVect of imipramine on oesophageal tone ( fig  7) . The negative values at low inflation volumes are due to the fact that inflations were performed at end inspiration, and reflect the negative intrathoracic pressure. Because inflations were stopped one step after the occurrence of pain, the number of measurements decreased at higher inflation volumes. This explains the increasing standard errors at inflation volumes above 22 ml.
SIDE EFFECTS
All volunteers completed the study. Eleven subjects noticed symptoms on imipramine only and one had symptoms on placebo only (happiness). One subject had symptoms on both treatments (constipation on placebo) and two had no symptoms on either treatment. The relative risk of developing a symptom on imipramine was 4.9 (95% confidence interval 1.7 to 13.8) (p<0.001). Of the 12 subjects with symptoms on imipramine, eight (67%) had at least one anticholinergic symptom: xerostomia and constipation each in five subjects, erectile dysfunction and urinary hesitancy each in one subject. Seven of these 12 subjects had one or more central nervous symptoms such as insomnia in two subjects, tiredness in three subjects, irritability in one subject, and happiness in three subjects.
Discussion
This study shows that imipramine increases the pain threshold to IOBD in normal volunteers. It is to our knowledge the first report documenting an analgesic eVect of a tricyclic antidepressant on experimental visceral pain in normal volunteers. Placebo controlled studies of antidepressants have shown that they provide symptomatic relief in chronic pain conditions of somatic and visceral origin, including diabetic neuropathy, postherpetic neuralgia, UCP, and IBS. The mechanism of this eVect is not known. Possibilities that have been proposed include an eVect based on their antidepressant or anticholinergic properties or a direct analgesic action. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Symptoms of depression are highly prevalent among patients with chronic pain, making this cohort susceptible to the eVects of an antidepressant. 17 The favourable response to antidepressants in chronic pain, however, is not believed to be mediated through improvement of depression for a number of reasons. Firstly, serum concentrations required to reduce pain are lower than those needed to treat mood disorders: 100-120 µg/l compared with 150-300 µg/l respectively for imipramine (including its first metabolite desipramine). Secondly, pain relief occurs earlier (after four days to two weeks) than improvement of symptoms of depression, which occurs after two to four weeks. 14 17 20 30-32 Thirdly, antidepressants have analgesic properties in patients without signs of depression, and analgesia occurs without concurrent improvement of mood status in patients with pain. 12 16 18 28 The ability of antidepressants to reduce the response to painful stimuli in animals furthermore supports an analgesic mechanism. 33 34 The most compelling evidence for the presence of an analgesic mechanism comes from a report by Bromm et al 25 who studied the eVect of imipramine on experimental somatic pain induced by intracutaneous electrical shocks in normal volunteers. A dose of 100 mg given orally decreased pain thresholds, pain ratings, amplitudes of pain related somatosensory evoked cerebral potentials, and alpha activity of the electroencephalogram to a degree comparable with that of one dose of oral meperidine (150 mg), although with a delayed onset. 25 In the present study we performed an analogous experiment in a model of visceral pain. The increment in pain threshold was confirmed in the oesophagus. Although the median increase was only 12%, a relatively small increase in pain threshold may provide substantial clinical improvement. Our volunteers were studied eight to 12 hours after intake of the last dose of imipramine. In Bromm et al's report the maximum analgesic eVect of imipramine appeared about two hours after intake of the drug, coincident with expected peak plasma concentrations. 25 One can therefore speculate that a greater eVect might have been shown if we had given the dose closer to the testing. Likewise, would patients being treated for pain be more likely to benefit from dosing in the morning or twice a day? Our decision to give the drug at bedtime was based on the prior observation that this regimen caused symptomatic relief in patients with UCP, and on standard recommendations. 19 32 The latter, however, apply to the treatment of depression which necessitates higher doses than those needed to treat pain and reflect an attempt to minimise side eVects. Nevertheless, side effects were present in the majority of the young healthy volunteers studied in this report even with relatively low doses given at bedtime. Although the symptoms were generally rated mild, they necessitated dose reduction in one case and they might be a more limiting factor for dose administration during the day.
The high incidence of side eVects consistent with the anticholinergic properties of imipramine raises the question of whether the observed increase in pain thresholds is due to the latter. This question has been addressed in two studies, in which the eVect of atropine on oesophageal sensory thresholds was assessed with IOBD. In the first, atropine was associated with a decrease in mean pain score in volunteers. The interpretation of these data, however, is complicated by the fact that this decrease resulted from a high baseline score prior to atropine. The post atropine score and the pre and post placebo scores were almost equal. 35 In the second study atropine had no eVect on pain thresholds in volunteers and patients with UCP. This study was not primarily designed to assess the eVect of atropine on oesophageal pain thresholds, since the drug was administered to block the eVect of edrophonium given 30 minutes previously. Nevertheless, it argues against an alteration of oesophageal perception by atropine, because the short half life of edrophonium of about five minutes makes it unlikely that it aVected the testing done with atropine 30 minutes later. 8 36 The mechanism by which an anticholinergic drug could aVect sensation would most likely be through alteration of the motor limb of the nervous system, as the cholinergic system has no role in the sensory limb. 37 38 Because the response of hollow viscera to distension depends on the compliance of the organ, which in turn depends on smooth muscle tone, sensory perception could be aVected by anticholinergic mechanisms through changes in compliance. 9 The oesophageal compliance, however, was not aVected by imipramine, indicating that the dose given in this study was not high enough to aVect oesophageal tone (fig 7) . In a recent report in patients with UCP, atropine given in doses high enough to decrease oesophageal tone caused a decrease rather than the expected increase in oesophageal pain threshold. 39 Taken together, it seems unlikely that the observed increase in pain threshold caused by imipramine is due to the anticholinergic properties of the drug.
Thresholds for sensation were not aVected by imipramine. The good reproducibility of sensation thresholds suggests that this is a real finding ( fig 3A) . This result is in keeping with that of Bromm et al who also found no alteration of sensation threshold with imipramine in somatic pain. 25 In addition, there is convincing evidence from animal studies that the pain modulating eVect of antidepressants relies on potentiation of central, opioid mediated descending, analgesic pathways. 33 34 40 An alteration of sensation would therefore be unexpected.
The high frequency of side eVects on imipramine carries the risk of unblinding of the volunteers, with consecutive bias during IOBD. This is a flaw inherent in all studies using antidepressants with anticholinergic type side eVects, unless they are compared with atropine. However, this problem is often not acknowledged in such studies. 19 25 Our volunteers knew only that visceral perception was being tested, without having knowledge about the hypothesised direction of the change. Whether it can be assumed that these expectations evened out statistically is diYcult to assess.
The increment in pain threshold with imipramine was only seen with volume at pain threshold but not with pressure at pain threshold, and there was no correlation between the two (fig 5) . Although volume is used most often in studies of this type, opinions as to which parameter is more appropriate diVer. 41 42 The answer to this question, as to many others pertaining to IOBD, may depend on the technique used, as inflation protocol, location, and composition of the balloon aVect perception thresholds to IOBD and their response to interventions such as acid perfusion of the oesophagus. 43 The oesophagus, unlike the stomach or colon, is not designed to function as a reservoir. This has some bearing on the inflation protocol. Luminal distension triggers secondary peristalsis, aimed at propelling the bolus into the stomach. 44 According to our experience, and that of others, these contractions can cause strong aborad forces producing discomfort at the nose, where the balloon catheter is fixed. 8 This not only distracts the subject, but could theoretically also generate sensations in the chest. With a dwell time of only two seconds and complete deflations between inflations this problem was essentially avoided in the present study. Balloon distension causes a phasic stimulus during inflation and a tonic stimulus while the balloon is inflated. It is important to define which stimulus is being tested, because the two can be rated diVerently and their response to pharmacological interventions can diVer. 45 Pressures reported in this study were read during the plateau phase of the inflation cycle, and therefore reflect a parameter of the tonic phase of the stimulus. As the inflation velocity of the pump was stable, changes in inflation volume resulted in changes in the duration of the inflation-that is, the duration of the phasic stimulus. Inflation volume can therefore be considered primarily a parameter aVecting the phasic stimulus. The absence of a diVerence of pressures at pain threshold could be explained by two scenarios. Firstly, imipramine could aVect only phasic but not tonic pain. This would be in accordance with the fact that the analgesic eVect of imipramine in somatic pain was shown using a phasic pain stimulus. 25 The observation that desipramine, given in a dose able to cause symptomatic improvement in patients with functional dyspepsia, did not increase gastric sensory thresholds assessed using the barostat technique could also be explained by this argument. 24 A second explanation of why pressures were not diVerent would be that the combination of rapid inflation with short dwell time resulted mainly in an assessment of phasic pain, lacking the sensitivity needed to detect a change in tonic pain thresholds.
In our studies, distension stimuli were applied in an ascending series. This protocol has been criticised because subjects can recognise the inflation pattern and the anticipation of stimuli of greater intensity can not only bias the response according to factors other than pain perception, such as level of anxiety or vigilance, but can also cause sham inflations to be perceived as painful. 45 46 Although it is important to eliminate cues with the potential to aVect the perception and reporting of pain diVerently in the groups being compared, for example patients and volunteers, this should be less problematic in a crossover study. In fact, we have shown in the past that sequential and random IOBD yield the same results if assessed in such a manner. 26 The low rate of sham inflations accompanied by perceptions in the chest in our study and the fact that none of them was rated as painful suggest that anticipation did not play a major role in the assessment of pain thresholds in our study.
Our results are not consistent with the prior report by Cannon et al. 19 In that study patients with UCP treated with imipramine had no change in pain thresholds to IOBD despite clinical improvement. Three reasons could account for this discrepancy. Firstly, patients were given 50 mg of imipramine compared with the 75 mg used in our study. Secondly, topical lidocaine was applied for the insertion of the balloon. This could have impaired the ability to perceive the balloon distensions. The application of local anaesthetic to the oesophageal mucosa has been shown to decrease oesophageal perception. 47 Thirdly, a beta error is possible because the study had no crossover design and included only seven observations, as reproduction of the typical chest pain was sought. It seems therefore justified to question the negative result of the IOBD in that study, particularly since the other assessment of visceral pain, cardiac pacing, did show an increase in pain tolerance with imipramine. 19 In summary, we have shown that imipramine increases pain thresholds to IOBD in normal male volunteers. The absence of psychiatric disease and the absence of a change in oesophageal compliance with imipramine argue against our results being based on the antidepressant or anticholinergic properties of the drug and suggest a visceral analgesic effect.
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